A portable, easy-to-install chamber system for rapid measurement of soil CO2 efflux is needed for the immediate analysis of CO2 flushes after events such as tillage and grassland renovation. We conducted field measurements and simple simulations to validate the effectiveness of a portable chamber system with an infrared CO2 gas analyzer (IRGA) and a temperature/humidity sensor (the SIR system). We confirmed that a measurement period of 60-180 s after the closure of the chamber was sufficient for the calculation of soil CO2 efflux. We compared the SIR system with a closed static chamber system and an automated open/closed chamber system. The efflux data obtained with the SIR system were linearly related to the data obtained with the other systems, and the relationships between the soil temperature and efflux were similar in the three systems. These results show that the SIR system provided soil CO2 efflux values with a reasonable accuracy relative to the other systems. We also examined how the calculated efflux values were affected by the internal compensation of the IRGA for environmental parameters and water vapor dilution in the chamber. The potential error caused by the default internal compensation of the IRGA was within 3.1 under general environmental conditions. The effect of water vapor dilution was large ( 20 ) for small CO2 effluxes. The combined effects of the default internal compensation and water vapor dilution were larger for small CO2 effluxes than for large CO2 effluxes, and the effects became larger under low air pressure conditions. We recommend that accurate environmental compensation and water vapor correction be applied for analysis of small CO2 effluxes when there is a rapid increase in water vapor, especially under low air pressure conditions.
Introduction
The measurement of changes in CO2 mole fraction in a chamber placed on the soil surface is the most commonly used technique for measuring soil CO2 efflux in the field (Lankreijer et al., 2003) . This is because the chamber technique is relatively easy to carry out. Various other techniques involving a combination of chamber systems, air-flow systems, and various calculation methods have also been developed, and there has been comparison of the results obtained with the various techniques (Norman et al., 1997; Pumpanen et al., 2004; Butnor et al., 2005) . The closed static chamber technique, which permits relatively inexpensive multipoint measurements, can be used to evaluate spatial variations. This technique is also free from problems such as over-and underpressurization of the chamber caused by the pump suction. In contrast, closed dynamic chamber techniques, particularly with chambers that can be automatically opened and closed, can be used to monitor soil CO2 efflux continuously over long periods and under relatively undisturbed conditions (Lankreijer et al., 2003; Mo and Sekikawa, 2005) .
A portable, easy-to-install chamber system for rapidly measuring soil CO2 efflux is needed for the immediate analysis of CO2 flushes after events such as tillage and grassland renovation. Closed static chamber systems, especially systems equipped with an infrared CO2 gas analyzer (IRGA), are suitable for such situations. Nobuhiro et al. (2003) developed a closed static chamber system with a small IRGA (GMD20; Vaisala, Helsinki, Finland), but because the minimum resolution of the IRGA unit was large (10 ppm), the measurement period required for the calculation of the soil CO2 efflux was as long as 11 min. Mizoguchi and Ohtani (2005) determined the accuracy and response characteristics of several other small, inexpensive IRGAs and found that among the units they tested, the GMP343 unit (Vaisala, Helsinki, Finland) displayed relatively good accuracy and a short response time.
In this study, we validated the effectiveness of a portable, relatively inexpensive chamber system with the GMP343 IRGA unit and a temperature/humidity sensor in field measurements. Since the system used a static chamber technique, it was simple and free from the pressure problems caused by pump suction. The system also had an advantage in that it could monitor not only CO2 mole fraction but also the air temperature and relative humidity in the chamber. Therefore, more-accurate environmental compensation and correction for the dilution effects of water vapor on CO2 mole fraction could be achieved. We also analyzed potential errors caused by the internal compensation of the IRGA with the default parameters and the dilution effects of water vapor in the chamber on the calculated CO2 efflux.
Materials and Methods

System design
We designed a portable, closed static chamber system equipped with a small IRGA and a temperature/humidity sensor (SIR) (Fig. 1) . In this system, the flange-mounted IRGA (GMP343 diffusion model; Vaisala, Helsinki, Finland) and temperature/humidity sensor (HMP75; Vaisala, Helsinki, Finland) entered the chamber through the lid so that changes in CO2 mole fraction, air temperature, and relative humidity in the chamber could be monitored. The sensors were connected to a data-logging device (MI70; Vaisala, Helsinki, Finland) that powered the sensors through an internal battery. The cylindrical stainless steel chamber (inside diameter 190, 195, 200, or 205 mm; height 250 mm) with a flat side rim on the top was inserted directly into the soil without a collar. The chamber lid was a white acrylic disk (diameter 235 mm; thickness 3 mm) with a silicon ring on the edge as a seal. No fans were used to mix the air in the chamber. During the measurements, the chamber lid with the sensors was attached to the chamber with clips after it had been placed on to the soil surface. The system was quite portable, because only the chamber lid with the sensors and the data-logging device needed to be carried.
The accuracy of the IRGA was 2.5 , and that of the temperature/humidity sensor was 0.2 and 2 RH. The response time of the IRGA was 2 s (90 ) without a dust filter and 75 s (90 ) with a filter, and that of the temperature/humidity sensor was 8 s (90 ). To shorten the response time, we detached the dust filter from the IRGA and turned off data filtering for the output readings of CO2 mole fraction (the averaging filter was left on, and the averaging time was set to 5 s). We turned off the heater in the optical unit of the IRGA, which is installed to prevent dew formation on the surface of the unit, to avoid generating a temperature difference between the air inside the infrared path cell of the IRGA and the air around the temperature/humidity sensor. The output CO2 readings of the IRGA were affected by environmental parameters such as the air pressure and temperature, water vapor mole fraction, and oxygen concentration. Therefore, compensation for these parameters had to be applied to the readings to obtain accurate CO2 mole fraction measurements. The IRGA unit had built-in internal compensation designed to minimize the effects of these parameters on the readings. Although the air temperature was automatically compensated for by the built-in temperature sensor of the IRGA with the default settings, compensation for the other environmental parameters had to be manually applied by the user at the time of the measurements if the parameters differed from the default values (air pressure 1013 hPa; relative humidity 50 RH; and oxygen concentration 20.95 O2). Compensation could also be applied externally after the measurements by means of the same environmental compensation algorithm used for the internal compensation of the IRGA. (Although this algorithm is not open to the public, the manufacturer will provide the algorithm upon request.) To obtain more-accurate CO2 mole fractions, we turned off the internal compensation for all the environmental parameters and corrected the uncompensated output CO2 readings after the measurements using the compensation algorithm and the parameters measured by the external sensors.
The data-logging device can measure up to three parameters simultaneously and can store 2700 total data points in its memory with a minimum interval of 1 s. Since we measured three environmental parameters (CO2 mole fraction, air temperature and relative humidity), we set the logging interval to 5 s under the assumption that multipoint measurements would be taken in the field (4500 s of measurement time with three parameters in total is available). The air pressure near the chamber was measured with a temperature/pressure sensor (RS-12P; Espec Mic, Oguchi, Japan; accuracy 1.5 hPa), and one reading per chamber measurement was recorded. The oxygen concentration was assumed to be a constant 20.95 O2 because the concentration of environmental oxygen does not generally vary.
Calculation of CO2 efflux
The CO2 efflux from the soil surface Fc (µmol m ) (Li-Cor, 2007) . This equation does not account for the H2O mass balance in the chamber. When a chamber was placed on moist soil, the increase in the water vapor in the chamber due to evaporation from the soil diluted the CO2 mole fraction. This dilution caused the apparent rate of change in the CO2 mole fraction to be less than the actual rate (Welles et al., 2001) . The soil CO2 efflux with the CO2 mole fraction, corrected for water vapor dilution, was calculated as follows:
. 
where C' C (1-W/1000) ) (Li-Cor, 2007) . In the following analysis of the SIR system, the soil CO2 efflux was calculated with Eq. (2). P0 was determined from the pressure sensor measurement; air pressure was assumed to be constant during the measurement period. T0 and W0 were calculated from the intercept determined by linear regression analysis of 10 data points starting from the third data point after the closure of the chamber. dC'/dt was determined from linear regression analysis of the plots of CO2 mole fraction data corrected for water vapor dilution versus time. The selection of data for the regression analysis is described in Section 3.1.
Validating the CO2 efflux measured with the SIR system
The CO2 efflux measured with the SIR system was compared with the effluxes measured with a closed static chamber system and manual syringe sampling (SMS; e.g., Sakata et al., 2004; Shimizu et al., 2009) and with a closed dynamic system with automated open/closed chambers (DOC; Hirano et al., 2009) . The specifications of the three systems are shown in Table 1 .
The measurements were taken at a grassland field and a forage crop field at the National Institute of Livestock and Grassland Science, Nasu Research Station, located in northern Tochigi Prefecture, Japan (36°55'N, 139°58'E, 320 m a.s.l.). A plant-free plot (3 m 3 m), in which the aboveground biomass and the roots had been removed, was set up in each field. Four stainless steel chambers, which were shared by the SIR and the SMS systems, and four PVC chambers, which were only used for the DOC system, were placed in each plot. The chambers were inserted into the soil at a depth of 30 mm at least 24 h before a measurement. The soil temperature near each chamber was measured for the SIR and SMS systems with a temperature/pressure sensor (RS-12P; Espec Mic, Oguchi, Japan: for the SIR system) or a thermometer (RT-12; Espec Mic, Oguchi, Japan: for the SMS system) with a temperature probe (RTH-1050; Espec Mic, Oguchi, Japan), and the soil temperature inside one of the chambers of the DOC system was measured with a T-type thermocouple. The measurements were compared 1-2 times monthly from June 2009 to January 2010. The measurements with the SIR and SMS systems were made in series between 8:30 and 14:30, and the effluxes were compared. Measurements with the DOC system were made continuously, and the DOC system measurement data obtained at the same time as the SIR data were compared.
Results and Discussion
3.1 Changes in CO2 mole fraction and environmental parameters after the closure of the chamber The temporal variation of the CO2 mole fraction, air temperature, and water vapor mole fraction inside a chamber as measured with the SIR system are shown for large and small soil CO2 effluxes in Fig. 2. (Note that the scales of the y-axes in the two panels are different.) The CO2 mole fraction did not increase immediately after the closure of the chamber in either case. A steady increase in the CO2 mole fraction did not start until about 30 s after closure. This delay may have been due to the unsteady mixing in the chamber (Li-Cor, 2007) , small air pressure differentials (Davidson et al., 2002) , or a delay in the response time of the sensor (Mizoguchi and Ohtani, 2005) after closure of the chamber. In general, the CO2 mole fraction began to increase linearly within 60 s after the closure of the chamber, so for calculation of the soil CO2 efflux, we used data collected starting at 60 s after the closure for regression analysis.
On the basis of the CO2 efflux estimated with the response time of the IRGA determined from a laboratory experiment, Mizoguchi and Ohtani (2005) estimated that at a measurement time of at least 1200 s was required for the minimization of the measurement error with the GMP343 diffusion model. However, their estimate was made in a laboratory without a chamber (using a calibration adapter for the IRGA). In addition, high CO2 mole fractions or rising air temperatures in a chamber that is closed for a long time affects the CO2 efflux inside a chamber (Pumpanen et al., 2004) and promotes leaks between the chamber and the atmosphere. The increase in the CO2 mole fraction in our experiments was fairly stable in most cases after linearity was established; and in all cases, the fluctuation of the CO2 mole fraction was small compared to the increase of the CO2 mole fraction. Therefore, we used data collected from 60 to 180 s after the closure of the chamber to ensure that we had at least 20 data points for the regression analysis. The ratio of the standard deviation around the regression line to the change of the CO2 mole fraction during the period from 60 to 180 s after closure was 0.66 on average (0.14-3.2 ). Thus, with the SIR system, we were able to complete the measurement of CO2 efflux in 3 min, which is much shorter than the time required for the previously reported system with a GMD20 unit (Nobuhiro et al., 2003) . Saturation of the CO2 mole fraction, which can result from closure of the chamber for long periods or from a low ratio of volume to surface area for a chamber , was not observed even when the soil CO2 efflux was large.
The air temperature in the chamber rose rapidly immediately after closure and then the rate of increase gradually slowed. The chamber was made of stainless steel and was thus opaque; accordingly, the increase in the air temperature inside the chamber was relatively small: 1.2 on average (0.16-3.6 ) within 180 s of closure. No increase or decrease in the rate of the increase of the CO2 mole fraction was observed even when the increase in air temperature in the chamber was large. Therefore, we regarded the effect of the increase in air temperature on the soil CO2 efflux to be negligible.
The water vapor mole fraction inside a chamber also increased after closure: the increase over 180 s averaged 4.8 mmol mol -1 (1.1-12 mmol mol -1
). The range was wide because the increase in the water vapor mole fraction in a chamber can be affected by many factors, such as the initial air temperature, rate of air temperature increase, initial water vapor mole fraction, and soil moisture. Welles et al. (2001) pointed out that an increase in the rate of the water vapor mole fraction in a chamber will be largest in wet soils under dry, sunny conditions; under such conditions, the chamber air temperature can rise rapidly. The relative humidity inside the chamber during measurements was at most 83 , and therefore dew formation on the surface of the optical unit of the IRGA was not expected to occur (even though the heater of the unit was turned off). The air pressure during measurements was nearly constant (variation 1.0 hPa). The air pressure was relatively low (average 977 hPa) during the experiment, because the altitude of the test fields was as high as about 300 m above sea level.
Comparison of soil CO2 effluxes measured
with the three systems Soil CO2 efflux data obtained with the SIR system were linearly related to the data obtained with the SMS and DOC systems (Fig. 3) . The efflux measured with the SIR system agreed particularly well with that measured with the SMS system (the intercept and the slope of the regression line were 0.052 and 1.08, respectively). The efflux measured with the DOC system was somewhat smaller than that measured with the SIR system (intercept 0.30; slope 0.68). The results of our experiments were contrary to those of Norman et al. (1997) and Pumpanen et al. (2004) , who reported that efflux measured with a closed dynamic chamber system was larger than that measured with a closed static chamber system. To explain our results, a comparison of the environmental conditions for the three systems may be helpful. We considered the environments inside the chamber for the SIR and SMS systems to be nearly the same as the environment outside, because the inside of the chamber, which was short, was frequently exposed to the sun. In contrast, the inside of the DOC chamber, which was tall and had a lid attached, was always in the shade, and thus the environment inside, especially the temperature, differed from the environment outside. The soil temperature inside the DOC chamber (the soil temperature measured for the DOC system) was significantly lower than that outside the chamber (the soil temperature measured for the SIR and SMS systems; p 0.01); and the difference averaged more than 1 . When the soil CO2 efflux data measured with each system were plotted against the soil temperature, the relationship between the effluxes measured with the three systems became clearer (Fig. 4) . The differences between the estimated soil CO2 effluxes from the exponential regression model for the SIR and SMS systems at 5 and 25 were -19 and 19 in the grassland field and -11 and 2.5 in the forage crop field, respectively (the positive values indicate that the estimated efflux for the SIR system was larger). The differences between the estimated effluxes for the SIR and DOC systems at 5 and 25 were -4.9 and 21 in the grassland field and 6.1 and 3.0 in the forage crop field, respectively. Whereas the differences between the estimated soil CO2 effluxes for the SIR system and the other systems were somewhat large in the grassland field, the responses of the soil CO2 efflux to the soil temperature for the three systems were similar in this field. The efflux was well explained by the nearly identical exponential regressions for the three systems in the forage crop field. Since the measurements were conducted from June 2009 to January 2010 our results indicate that the SIR system could be used to obtain soil CO2 effluxes with reasonable accuracy relative to the other systems under various environmental conditions, at least in the range of air temperatures that we investigated. The results shown in Fig. 4 demonstrate that the smaller soil CO2 efflux measured with the DOC system was mainly due to the lower soil temperature inside the chamber. The smaller efflux may also have been due to a pressure difference between the inside of the chamber and the atmosphere caused by air circulation and air mixing inside the chamber (Ngao et al., 2006; Pumpanen et al., 2009 ). However, this study did not provide enough information to allow us to discuss the effect of such pressure differences on the chamber CO2 efflux. We did not observe saturation of CO2 mole fraction or a gradual reduction in the rate of increase of the CO2 mole fraction in the chamber of the SIR system during the measurements. Therefore, the differences in soil CO2 efflux for the systems were unlikely to have been due to differences in the ratio of the volume to surface area of the chamber or differences in the rate of increase in the air temperature inside the chamber between the systems.
Potential errors caused by the default inter-
nal compensation of the IRGA The environmental compensation algorithm of the IRGA GMP343 is complicated, and predicting how the environmental parameters will affect the result of the compensation is difficult. Without compensation, the IRGA is accurate to -0.35 CO2 reading , according to the instruction manual. However, the effects of the parameter changes in the soil CO2 efflux measurements are complicated because more than two parameters change over time inside the chamber during measurements. It is important to understand the effects of the parameters on the efflux, particularly when the CO2 efflux measurements are made with the internal compensation of the IRGA with the default environmental parameters (hereafter referred to as the default internal compensation of the IRGA). To determine the effects of the default internal compensation on the soil CO2 efflux, we tested the parametric sensitivity of the environmental compensation algorithm to the CO2 mole fraction and the CO2 efflux simulated under some possible environmental conditions. We did not investigate the effect of oxygen concentration, because it is constant in most situations.
First, we compared the CO2 mole fraction compensated with the default environmental parameters (Cdefault) and that compensated with several specific environmental parameters (Cspecific). The CO2 mole fraction was compensated for air temperature automatically on the basis of the measurements obtained with the built-in temperature sensor of the GMP343 with the default setting. Therefore, Cdefault was calculated from the specific value for the air temperature and the ) is the water vapor mole fraction of 50 RH at a given air temperature. The values of Rce were examined at air temperatures of 0 to 40 . Wdefault 0.5 and Wdefault 1.5 correspond to 25 RH (corresponding to the driest season in Japan) and 75 RH (corresponding to the wettest season in Japan) at an air pressure of 1013 hPa. Pdefault -60 hPa (953 hPa) corresponds to the air pressure at an altitude of about 500 m above sea level. Table 2 . The dependence of Rce on the water vapor mole fraction was weak and almost always constant regardless of the CO2 mole fraction. In contrast, the dependence of Rce on the air pressure was strong and became stronger with an increase in the CO2 mole fraction. The combined effect of the water vapor mole fraction and the air pressure was approximately equal to the sum of the two effects.
We also compared the CO2 efflux calculated from Cdefault with Eq. (1) (Fdefault) and that calculated from Cspecific with Eq. (1) (Fspecific). The reason for calculating the efflux with Eq. (1) was to isolate the effect of the default internal compensation of the IRGA. The relative error in the CO2 efflux due to the default internal compensation of the IRGA (Rfe (Fdefault/Fspecific-1) 100) is plotted against the rate of the increase of the CO2 mole fraction in Fig. 5 . Although Fdefault was calculated with compensation for the specific value of the air temperature measured by the built-in sensor, the CO2 efflux was underestimated when the air temperature , respectively. Pdefault-12 hPa (1001 hPa), Pdefault -24 hPa (989 hPa), Pdefault -36 hPa (977 hPa), and Pdefault -60 hPa (953 hPa) correspond to the air pressures at altitudes of about 100, 200, 300, and 500 m above sea level, respectively. rose over time and the degree of underestimation became larger when the air temperature increase was more rapid (Fig. 5a ). This underestimation was due to the decrease in the relative humidity caused by the increase in air temperature at a constant water vapor mole fraction. An increase in the water vapor mole fraction caused an overestimation of the CO2 efflux, especially when the efflux was small and the rate of increase in the water vapor mole fraction was large (Fig. 5b) . The effect of the water vapor mole fraction was sensitive to the rate of increase of the CO2 mole fraction. Low air pressure conditions led to the underestimation of the CO2 efflux (Fig. 5c) . The results were complicated when more than two environmental parameters varied during a measurement. The effect of an increase in water vapor mole fraction during a measurement was negated by an increase in the air temperature and by low air pressure (Fig. 5d) to an extent that depended on the magnitude of each parameter. In this simulation, the absolute value of Rfe was within 3.1 , with a 0.1-1 µmol mol -1 s -1 rate of increase of the CO2 mole fraction, and given the accuracy of the IRGA ( 2.5 ), the absolute value was up to 5.6 . Note that the errors caused by the default internal compensation of the IRGA can be larger when the air pressure is low or when the water vapor mole fraction in the chamber increases rapidly under small CO2 efflux conditions. Therefore, applying the proper compensation to the measured CO2 mole fraction with the measurement of the environmental parameters is important under such conditions. Kulmala et al. (2009) identified inaccuracies in the pressure compensation functions provided by the manufacturers and determined new empirical functions for several CO2 analyzers, including the GMP343. Although these investigators noted that the manufacturer's compensation algorithm does not lead to erroneous results in chamber measurements, a measurement of environmental parameters in the chamber during efflux measurements is desirable in order to respond to such improvements of compensation techniques.
Potential errors caused by the dilution effects
of water vapor in the chamber The SIR system can be used to monitor not only CO2 mole fraction but also relative humidity in a chamber. Therefore, soil CO2 efflux measured with this system can be corrected for the dilution effects of water vapor. Although the potential errors caused by water vapor dilution were simulated by Welles et al. (2001) , we also simulated and evaluated the errors here to compare the potential errors due to water vapor dilution with the errors due to the default internal compensation of the IRGA.
We compared the CO2 effluxes calculated from Cspecific with Eq. (1) (Fspecific) and with Eq. (2) (Fspecific_w) to determine the dilution effects of the water vapor. The relative error caused by water vapor dilution (Rfw (Fspecific/Fspecific_w-1) 100) is plotted against the rate of increase of the CO2 mole fraction in Fig. 6 . The temperature and the air pressure had no effect on Rfw. Only the change in water vapor mole fraction over time affected Rfw: the efflux was underestimated by Fspecific when the water vapor mole fraction in the chamber increased. The error due to water vapor dilution was especially large for small CO2 efflux conditions. In our simulation, the absolute value of Rfw with a 0. Fig. 7 . When the CO2 efflux was small, the effect of water vapor dilution was generally larger than the effect of the default internal compensation, especially when the water vapor mole fraction increased rapidly over time. In contrast, when the CO2 efflux was large, the effect of default internal compensation was generally larger than the effect of water vapor dilution, especially when the air pressure was low and the increase rate of the water vapor mole fraction was low. Effluxes were underestimated more by Fdefault than by Fspecific_w to various degrees in every simulation. The degree of underestimation was generally larger for small CO2 effluxes than for large CO2 effluxes. The degree of underestimation became much larger ( 20 in our simulation) when the water vapor mole fraction increased rapidly and the CO2 efflux was small. The degree of the underestimation rose to 4.7 (given the accuracy of the IRGA ( 2.5 ), it became 7.2 ) even when the CO2 efflux was large (1 µmol mol -1 s -1 ) in the simulation.
In our field measurements, the effects of the default internal compensation of the IRGA and water vapor dilution on the calculated efflux were not large: the regression parameters for the effluxes calculated with the default internal compensation and Eq. (1) were not significantly different from those shown in Fig.  3 (p 0.05), which were calculated with specific environmental parameters and Eq. (2) ( Table 3) . One possible reason for this is that our experiments were conducted under field conditions, under which the effect of the variation due to temporal differences in measurements and to spatial variability in the chambers among the systems was considered to be larger than the effects of the default internal compensation and water vapor dilution on the calculated CO2 efflux. Although the effects of the default internal compensation and water vapor dilution were not critical in our field measurements, the errors caused by these effects can exceed 20 for small CO2 effluxes with a rapid increase in water vapor mole fraction, especially under the low air pressure conditions that occur at high altitudes. Therefore, we recommend that the relative humidity in the chamber, the air pressure, and the 
